structure (15 Propargylic) argon matrices, and all are assigned allenic structures (2A). In contrast, the stable nitrile ylide 4, which has been characterized by X-ray crystallography absorbs at 2210 and 2323 cm -1 and is assigned a propargylic structure (2P). 9 It is emplasized that all nitrile betaines always have resonance structures that correspond to each of the three forms, allenic, propargylic, and carbenic. But one of these forms may dominate in the ground state structure, and the molecule may then exist in either a single-well potential with predominant allenic, propargylic, or carbenic structure, or it may exist in a double-well potential with a (small) barrier separating two geometrically distinguishable forms.
Generally, it is assumed that electronegative substituents on the trigonal carbon atom will favour a propargylic structure by encouraging a higher electron density on that carbon. This is also seen in the bis-trifluoromethyl nitrile ylide 7, which is formed by either flash vacuum thermolysis (FVT) of the oxazaphosphole 5 or by photolysis of the azirene 6 in argon matrix and absorbs in the nitrile region at 2250 cm -1 (Eq. 1). 10 Our calculations at the B3LYP/6-31G* level reveal that there are two stable minima for this compound, an allenic form absorbing at 2021/2022 cm -1 (different conformers) and a propargylic form absorbing at 2321 cm -1 , and a very small energy barrier separates the two. Clearly, the propargylic form 7 is stable and observed in the matrix isolation experiment.
We have developed a unique method for generating nitrile ylides by ring opening of nitrenes or carbenes under matrix photolysis conditions (Scheme 1).
11 This reaction can take place whenever there is a meta-relationship between a ring nitrogen atom and the carbene or nitrene center. Thus, 3-pyridylcarbene 8a and 3-pyridylnitrene 8b undergo ring opening to the nitrile ylides 9, 12 and 2-quinoxalinylnitrenes 10 afford nitrile ylides 11 13 (for simplicity the seven-membered aza-, diaza-, and triazacycloheptatetraenes also involved in these reactions are omitted in Scheme 1).
Scheme 1. Ring Opening Reactions
In this paper we wish to investigate the possibility of existence of closely related, and distinguishable, allenic and propargylic nitrile ylides, where substituent effects cause the predominance of one or the other structure. We report examples of both allenic and propargylic structures 15 formed by ring opening of pyrazinylnitrenes 13 and investigated by matrix isolation IR spectroscopy as well as calculations of their structures and harmonic and anharmonic vibrational frequencies.
Results and Discussion
1. The Unsubstituted Cyanimino Nitrile Ylide 15a. Pyrazinylnitrenes 13 undergo ring expansion to triazacycloheptatetraenes 14 when photolytically generated from the corresponding tetrazoles 12T or azides 12A in low temperature argon matrices (Scheme 2). In the unsubstituted parent compound, calculations at the G3(MP2) and CASPT2 levels indicate a modest barrier of ca. 7 kcal/mol toward ring opening of 14a to the delocalized nitrile ylide 15a. 14 Accordingly, 14a was only observable during the first few minutes of photolysis. The nitrile ylide 15a is predicted to undergo very facile ring closure to 1-cyanoimidazole 16a (2.5 kcal/mol barrier) as well as a 1,7-hydrogen shift to isocyanovinylcarbodiimide 17a (9.9 kcal/mol barrier), which make it difficult to observe this ylide. The 2269 cm -1 band is assigned to the nitrile group 2-chloro-1-cyanoimidazole 16b.
When 12bT/12bA is photolysed with brodband irradiation from the high-pressure Hg/Xe lamp from the beginning, 16b is obtained quantitatively ( Figure S2 ). The calculated infrared spectrum of 16b at the B3LYP/6-31+G* level is in excellent agreement with experiment ( Figure S2 ). (Figure 3 ).
Even after 20 annealing cycles to 35 K, the two peaks at 1968-1970 cm -1 did not merge into a single one at 1968 cm -1 . The loss of resolution after many annealing cycles is normal. In contrast,
FVT of 13b resulted in a single well-defined peak at 1968 cm -1 , which is ascribed to 14b ( Figure   3d ). Therefore, we can conclude that the triazacycloheptatetraene 14b and the chloro-nitrile ylide 15b give rise to the two peaks at 1968 and 1970 cm -1 in the photolysis spectrum. (Figure 5 ). An additional peak at 1988 is assigned to the triazacycloheptatetraene 14c
The bands of both species were bleached on further irradiation at 310-390 nm for 7 min, when new signals due to 2,5-dimethyl-1-cyanoimidazole 16c developed at 2261 and 1366 cm -1 ( Figure   6 ). Compound 16c 16 was also prepared by FVT of 13c, and a matrix deposition of this material confirmed its identity with the product of photolysis at 310-390 nm ( Figure S9 ). (Table 1 ). These data suggest that this nitrile ylide, Z,Z-15c, has a propargylic structure (Scheme 3). Notably, the ordering of the CNC and NCN frequencies is inverted for the Z,E-and E,E-conformers, i.e. these conformers have allenic structures similar to those of 15a and 15b with IR frequencies of 2125 and 2024 cm -1 , respectively (see Supporting Infortmation). The lowest energy conformer of 15c is the Z,Z form, Z,Z-15c, and this remains true at the CBS-QB3 computational level (see Supporting Information).
Scheme 3. Formation of the propargylic nitrile ylide Z,Z-15c
The clean IR spectrum of nitrile ylide 15c ( Figures 5 and 6 ) clearly demonstrates that this nitrile ylide retains the Z,Z-structure in which it was born from 14 or 15 (Scheme 3). By inference, this will also be the case for the other nitrile ylides 15a and 15b. The calculated energy barriers for interconversion of nitrile ylide conformers are 12-17 kcal/mol (Figure 7 ), which is high enough that individual conformers will be stable in the low-temperature matrices, but low enough that facile interconversion may take place at higher temperatures. In the cases of 15a and 15b the Z,Z-conformers are not the lowest energy, but in the case of 15c it is. However, the energy differences are at most a couple of kcal/mol ( Figure 7) . and 17.9 kcal/mol, respectively, and these reactions are exothermic by 0.6 and 0.7 kcal/mol, respectively (see Figure S7 , Supporting Information).
The anharmonic frequency calculations predict overtones or combination bands in the range 1900-2300 cm -1 for all the nitrile ylides, but these bands are weak and cannot be confused with the strong, observed, CNC (ylide) and NCN (cyanamide) absorptions (see Table 1 ).
Conclusion and Outlook
Nitrile propargylic structure in the Z,Z-conformation, whereas the corresponding Z,E-and E,Econformers have allenic structures. 17 In an effort to understand the factors that influence nitrile ylide structures, we will report further calculations on a variety of substituted nitrile ylides to investigate how simple substitution on the nitrile-type carbon of nitrile ylides by methyl, tertbutyl, or phenyl groups may shift the preferred structure from allenic to propargylic. In several instances, both forms can coexist with small energy barriers separating them. We will also seek to determine the factors that may stabilize carbenic nitrile ylides.
Computational Method
B3LYP/6-31G* calculations were performed using the Gaussian 09 suite of programs. 18 The B3LYP method has been used extensively for calculations of species derived from carbene and nitrene rearrangements. The tetrazole was co-sublimed with Ar through the FVT oven held at 400 o C, and the product was deposited on a KBr target at 27 K. The matrix was subsequently cooled to 10 K. The IR spectrum of the thermolysis products is shown in Figure S3 . Four species were identified: azide See the text and Figures 5 and 6 for the results of photolyses at 254 and 310-390 nm.
2,5-Dimethylimidazole-1-carbonitrile 16c was obtained by FVT of 12cT/12cA at 450 o C and deposited in Ar matrix at 10 K. The IR spectrum is shown in Figure S9 .
